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Lepton number as a fourth color is an intriguing theoretical idea which is combined with a possible
left-right symmetry within the famous Pati-Salam (PS) model. In the conventional PS model, a
spontaneous breaking of the PS gauge group down to the SM one can only take place at very
high scales (above the PeV scale) due to the stringent bounds from KL → µe and K → piµe
induced by the resulting vector leptoquarks. In this paper, we show that these constraints can be
avoided once additional vector-like fermions are introduced and thus a breaking at the TeV scale is
possible. We consider the flavor phenomenology of this model in the context of the intriguing hints
for new physics in semileptonic B decays. The necessary violation of lepton flavor universality is
induced by mixing SM and vector-like fermions. Concerning R(D) and R(D∗) we find that sizable
effects are possible while respecting the bounds from other flavor observables but predicting a large
enhancement of Bs → τ+τ−. Furthermore, also in b → s`+`− transitions the observed deviations
from the SM predictions (including R(K) and R(K∗)) can be explained with natural values for the
free parameters of the model without any fine-tuning, predicting sizable decay rates for b → sτµ.
Finally, the anomaly in anomalous magnetic moment of the muon can be accounted for by a loop-
contribution involving the vector leptoquark and vector-like leptons.
PACS numbers: 13.25.Hw,14.80.Sv
I. INTRODUCTION
Until now, the Large Hadron Collider at CERN did not
directly observe any particles beyond the ones present in
the Standard Model (SM) of particle physics. However,
we have accumulated intriguing hints for lepton flavor
universality (LFU) violation in semi-leptonic B decays
within recent years. Most prominently, there exist devi-
ations from the SM predictions in b→ sµ+µ− above the
5σ level [1]1 and the combination of the ratios R(D) and
R(D∗) differs by 4.1σ from its SM prediction [9]. While
R(D) and R(D∗) measure LFU violation in the charged
current B decays of the type b → c`ν, the fit to the
b → s`+`− data also suggests the violation of LFU due
to the measurement of R(K) [10] and R(K∗) [11]. This
implies a possible connection between these two classes
of anomalies and motivates to search for a simultaneous
explanation [12–28].
The vector leptoquark SU(2) singlet with hypercharge
−4/3 is a natural candidate for a simultaneous explana-
∗Electronic address: calibbi@itp.ac.cn
†Electronic address: andreas.crivellin@cern.ch
‡Electronic address: tli@itp.ac.cn
1 Including only R(K) and R(K∗) in the fit the significance is at
the 4σ level [2–8].
tion of R(D) and R(D∗) together with b→ s`+`− data.
First of all, it automatically fulfills the requirement that
down-quarks do not couple at tree level to neutrinos and
therefore avoids the stringent bounds from B → K(∗)νν.
This allows for large flavor violating couplings to quarks
such that one can get a sizable effect in R(D) and R(D∗)
with TeV scale masses such that the bounds from direct
searches [29] as well as from electroweak (EW) precision
data [30] can be avoided [25]. In addition, unlike mod-
els with charged Higgses [31–36], the vector leptoquark
leaves the q2 distribution in R(D(∗)) invariant (which is
in good agreement with data [37–39]) and does not lead
to an huge enhancement of Bc → τν which is incom-
patible with experiments [38, 40–42]. Finally, it gives
a C9 = −C10-like effect in b → s`+`− transistions and
therefore gives a good fit to data. However, a compelling
renormalizable model giving rise to this leptoquark is still
missing.
Interestingly, the vector leptoquark singlet with hyper-
charge −4/3 is contained within the theoretically very
appealing PS model as a SU(4) gauge boson. However,
in the conventional model, the bounds on the symme-
try breaking scale from KL → µe and K → piµe are
so strong (at the PeV scale) [43, 44] that any other ob-
servable effects in flavor physics are ruled out from the
outset. Therefore, it must be extended if one aims at a
realization at the TeV scale. In this article, we will con-
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2struct a model based on the Pati-Salam gauge group in
which the bounds from KL → µe and K → piµe can be
avoided. Furthermore, another crucial feature of the PS
leptoquarks is that it allows for a low-energy realization
since that it does not lead to proton decay at any loop
level.
For this purpose, we add to the original PS model three
pairs of fermions in the fundamental representation of
SU(4) with vector-like mass terms. These fermions can
be considered as heavy vector-like generations. The mix-
ing between them and the light SM particles is in general
flavor dependent. Therefore, the model can have inter-
esting effects in flavor physics, in particular, it could ex-
plain the hints for new physics in b → s`+`−, R(D(∗))
and also the measurement of the anomalous magnetic
moment (AMM) of the muon.
II. THE MODEL
Our starting point is the PS model [45] with the gauge
group SU(4) × SU(2)L × SU(2)R. Thus, left-handed
fermions are SU(2)L doublets and right-handed fermions
form SU(2)R doublets. This necessarily leads to the in-
troduction of three right-handed neutrinos. In our model,
we extend the fermion content of the original model hav-
ing now 6 fermion fields XL,Ri , Y
L,R
i , Z
L,R
i as well as (at
least) two more Higgs field Σ1,2. These fields transform
under the PS gauge group and one additional Peccei-
Quinn-like U(1) group as shown in Table I.
SU (4) SU(2)L SU(2)R U(1)PQ
XLi 4 2 1 0
Y Li 4 2 1 -1
Y Ri 4 2 1 1
XRi 4 1 2 0
ZRi 4 1 2 -1
ZLi 4 1 2 1
ΣX1 4¯⊗ 4 1 1 - 1
ΣX2 4¯⊗ 4 1 1 - 1
ΣY1 4¯⊗ 4 1 1 - 2
ΣY2 4¯⊗ 4 1 1 - 2
TABLE I: Field content of the model. Alternatively, one could
use instead of ΣX,Y1,2 two fields Σ
X
ij , which transforms as 3¯⊗ 3
under a possible flavor symmetry.
Here the superscripts L and R label the chirality of the
fields and i = 1, 2, 3 is a flavor index. In the absence of
the fields Y and Z, the fields X would be chiral fermions
resembling the SM fermions.
In the following we will not explicitly specify the EW
symmetry breaking sector whose Higgs fields are there-
fore not included in Table I. However, we know that due
to the decoupling theorem, the symmetry breaking sec-
tor must reduce, in the limit of heavy additional Higgses,
to one light SU(2) doublet with vev v giving rise the
chiral fermion and weak gauge boson masses. A possi-
ble completion of the above-sketched model, including
the EW-breaking sector, will be given in Section V. In
our phenomenological discussion, we are not considering
the implications of the extended Higgs sector, but rather
we only include the pseudo-Goldstone bosons by working
in unitary gauge. This approach is model independent
in the sense that including additional physical Higgses
would imply focusing on a specific UV realization of the
model.
A. Fermion masses
Let us consider for simplicity only the SU(2)L doublet
fermions (XLi , Y
L,R
i ). The corresponding results for the
SU(2)R follow in a straightforward way and they are not
necessary for explaining the flavor anomalies as we will
see later. Therefore, we can write down the following
mass terms after the new scalar fields ΣX,Y1,2 acquire their
vevs vΣX,Y1,2
−L ⊃ vabΣX1 xijX¯
aL
i Y
bR
j + v
ab
ΣY1
yij Y¯
aL
i Y
bR
j + (1)
vabΣX2
x′ijX¯
aL
i Y
bR
j + v
ab
ΣY2
y′ij Y¯
aL
i Y
bR
j + h.c.
Here a and b are SU(4) indices, and we denoted the
Yukawa-like couplings by x
(′)
ij and y
(′)
ij . Note that our as-
signment for the PQ charges was choosen in such a way
that it avoids bare mass terms for the fermions before PS
symmetry breaking. Therefore, the masses of the vector-
like fermions are, for perturbative couplings, at most of
the order of the SU(4) breaking scale, which we assume
to be around the TeV scale. After ΣX,Y1,2 acquire their
vevs SU(4) is broken down to SU(3)c × U(1)B−L and
quarks and leptons become distinguishable. Decompos-
ing the SU(4) multiplets as
YR =
(
Q′R
L′R
)
i
, YL =
(
QL
`L
)
i
, XL =
(
qL
LL
)
i
(2)
we see that Q and q are SU(3)c triplets corresponding to
quarks, while ` and L are SU(3)c singlets and thus cor-
respond to leptons. Expanding Eq. (1) into components
we find
L ⊃ −
(
mQij q¯iL +M
Q
ij Q¯iL
)
Q′jR−
(
MLijL¯iL +m
L
ij
¯`
iL
)
L′jR ,
(3)
with
mQij = v
11
ΣX1
xij + v
11
ΣX2
x′ij , m
L
ij = v
22
ΣY1
yij + v
22
ΣY2
y′ij
MLij = v
22
ΣX1
xij + v
22
ΣX2
x′ij , M
Q
ij = v
11
ΣY1
yij + v
11
ΣY2
y′ij
(4)
Here the superscript 11 corresponds to a 3× 3 unit ma-
trix in color space while 22 represents only a single num-
ber. Here v12
ΣX,Y1,2
= v21
ΣX,Y1,2
= 0 such that SU(3)c re-
mains unbroken. We further assume v11
ΣX,Y1
 v11
ΣX,Y2
and
3v22
ΣX,Y1
 v22
ΣX,Y2
, such that the mass terms are dominantly
given by
mQij ' v11ΣX1 xij , m
L
ij ' v22ΣY2 y
′
ij
MLij ' v22ΣX2 x
′
ij , M
Q
ij ' v11ΣY1 yij
(5)
Therefore, ML,Qij are the vector-like mass terms while
mL,Qij provides the mixing of the vector-like fermions with
the light (SM) ones. The study of the corresponding
scalar potential is not trivial and requires future studies.
Without loss of generality, one can choose MQ and
ML to be diagonal in flavor space. In addition, we as-
sume that mQ,L is diagonal in the same basis and for
simplicity (without affecting the final results) that MQ,L
is proportional to the unit matrix:
MQ,Lij = M
Q,Lδij ,
mQ,Lij =
 mQ,L1 0 00 mQ,L2 0
0 0 mQ,L3

ij
.
(6)
While the structure above is certainly not generic, it can
be the consequence of an underlying flavor symmetry. In
fact, if QL and Q
′
R (QL and L
′
R) are triplets of SU(3),
MQ (ML) does not break the symmetry, thus being pro-
portional to the unit matrix. If on the contrary, qL
and `L are anti-triplets, m
Q,L are generated by SU(3)-
breaking terms φφ/Λ, where φ collectively denote the
SU(3)-triplet scalar fields (‘flavons’) whose vevs break
SU(3) and Λ a cutoff scale. The texture of mQ,L then
follows from the flavor directions of the flavons’ vevs. As
an example, one can introduce two flavons, φ3 and φ2,
with 〈φ3〉 = (0, 0, v3), 〈φ2〉 = (0, v2, 0). Distinguishing
these two fields by an additional parity, the texture in
Eq. (6) is obtained with mQ,L3 ∼ v23/Λ, mQ,L2 ∼ v22/Λ,
mQ,L1 ∼ 0. Therefore, the mixing with electrons is ab-
sent, and thus the vector LQs will not couple to them.2
Given the structure in Eq. (6), the mass matrices for
quarks and leptons decompose each into three (one for
each generation) rank one matrices diagonalized by the
rotations (
qiL
QiL
)
→
(
ciQ −siQ
siQ ciQ
)(
qiL
QiL
)
(
`iL
LiL
)
→
(
ciL −siL
siL ciL
)(
`iL
LiL
) . (7)
As stated above, we do not explicitly specify the UV
completion of the Higgs sector responsible for the EW
2 The absence of couplings to the electron at tree-level could alter-
natively be assured by an abelian flavour symmetry under which
all fermions are equally charged except the electron. Further-
more, even though electron couplings will be generated at the
loop level [46], the absence of µe couplings is RGE invariant and
therefore no effect in µ→ eγ [47] or K → µe is generated.
symmetry breaking but rather use the decoupling theo-
rem asserting that there is one light SU(2)L doublet with
vev v giving rise to the chiral fermion and weak gauge bo-
son masses. We can now write down the usual Yukawa
couplings and diagonalize the resulting 3 × 3 matrices
using biunitary transformations
qiL → UqLij qjL, `iL → U `Lij `jL , (8)
with q = u, d and the corresponding expression for right-
handed fields. For our final results, only the misalign-
ment between left-handed quark and leptons
Uq`Lfi = U
qL∗
jf U
`L
ji , (9)
as well as the CKM matrix V CKMfi = U
uL∗
jf U
dL
ji are impor-
tant. Note that in the following, we work in the down ba-
sis, i.e. CKM rotations are only present once left-handed
up-quarks are involved. We neglect Higgs couplings in-
volving chiral and vector-like fermions in our phenomeno-
logical analysis.
In analogy to the SU(2)L sector, we embedded the
fermions charged under SU(2)R in the following repre-
sentations:
ZL =
(
Q′L
L′L
)
i
, ZR =
(
QR
`R
)
i
, XR =
(
qR
LR
)
i
(10)
and the above discussion about masses and mixing can
be replicated for the RH fermions of the SM.
B. Couplings of fermions to gauge bosons
After breaking of the SU(4) symmetry, its 15 gen-
erators correspond to 8 massless gluons, 6 leptoquarks
(V µ + V¯ µ), and one B − L gauge boson (Z ′µ). As we
can see from Fig. 1, after mixing of q (`) with Q (L) the
couplings of the B − L gauge boson remains flavor uni-
versal with strength
√
3/8 gs/3 for quarks,
√
3/8 gs for
leptons. The flavour universality of the Z ′ coupling is
the result of the unitarity of the mixing matrices. There-
fore, we did not need to assume any alignment between
the vector-like mass terms and the Yukawa couplings to
obtain this desirable feature.
Since we do not completely specify the Higgs sector (a
possible realization is given in Section V), we take the
masses of the B − L gauge boson and the leptoqaurks
as free parameters. However, the masses should be of
the same order, but due to the strong constraints from
Z ′ searches,3 we assume that the B − L gauge boson is
3 With gB−L =
√
3/8 gs ≈ 0.6 at the TeV scale, we find that a
recent ATLAS search for Z′ → `+`− [48] gives (in the narrow
width approximation) MZ′ & 5 TeV if the Z′ only decays into
SM fermions. This is reduced to MZ′ & 4.6 TeV in the more
realistic case in which all decay channels of our B − L Z′ into
the vector-like fermions are open via a decrease of the Z′ → `+`−
branching ratio by a factor 1/3 and an increase of the total width
up to ≈ 0.18×MZ′ .
4qL, ℓL LL, QL QL, LL QL, LL qL, ℓL qL, ℓL
V µLQ B
µ
B−L,W
µ
SU(2) B
µ
B−L,W
µ
SU(2)
FIG. 1: Couplings of the gauge bosons to the heavy vector-like fermions (L,Q) and light SM-like fermions (`, q). After
mixing among SM-like and vector-like fermions, the couplings to the leptoquark result become flavor non-universal, whereas
the couplings to the other gauge bosons (in particular the one associated to B − L) remain flavor diagonal.
heavier than the leptoquarks. Such a mass splitting can
be achieved if the PS symmetry breaking is due to the
vev of a scalar in the symmetric representation of SU(4).
In fact, if the dominant contribution to the gauge boson
masses is given by the field Φ of Table II, which is in the
(10, 1, 3) representation of the PS group, one obtains
M2LQ = g
2
4v
2
Φ and M
2
Z′ = 3g
2
4v
2
Φ + 2g
2
Rv
2
Φ, which gives
MZ′ ≈ 2×MLQ. Furthermore, the limit on the Z ′ mass
can be significantly weakened by introducing additional
fermions which are charged under B − L only, such as
extra sterile neutrinos. This does not only decrease the
branching ratio to muons and electrons (the modes which
give the strongest bound [48]) but also increases the total
width, making the detection more difficult [29]. Finally,
as we will see later, if we only aimed at a smaller effect in
b→ cτν processes rather than accounting for the central
value, the gauge bosons (including the Z ′) can be heavier.
Let us now consider the couplings of the vector-
leptoquark V µ. Here, the rotations in Eq. (7) induced
by the mixing between vector-like and SM fermions do
not drop out, as it is apparent from Fig. 1. In addition,
after EW symmetry breaking, the misalignment between
the rotations needed to diagonalize the light quark and
lepton mass matrices Uq`Lfi , cf. Eq. (9), enters in the cou-
pling of V µ with the SM fermion doublets:
L ⊃ − gs√
2
Uq`Lfi
(
q¯Lf
Q¯Lf
)
a
γµPL
(
`Li
LLi
)
b
(
cQi s
L
i + c
L
i s
Q
i c
L
i c
Q
i − sLi sQi
cLi c
Q
i − sLi sQi −cQi sLi − cLi sQi
)
ab
Vµ + h.c. (11)
Considering for illustration only the second and third generations, which are of interest for our phenomenological
study, we find
L ⊃ κij q¯Li γµPL`Lj Vµ + h.c. with κij =
−gs√
2

cQ1 s
L
1 + c
L
1 s
Q
1 0 0
0
(
cQ2 s
L
2 + c
L
2 s
Q
2
)
cq`23 −sq`23
(
cQ2 s
L
2 + c
L
2 s
Q
2
)
0
(
cQ2 s
L
2 + c
L
2 s
Q
2
)
sq`23 c
q`
23
(
cQ3 s
L
3 + c
L
3 s
Q
3
)

ij
. (12)
Here sq`23, c
q`
23 are the rotations induced by the misalign-
ment between the SM Yukawa couplings of quarks and
leptons, encoded in Eq. (9). Recall that we assumed
that the first generation quarks (in the interaction basis)
and leptons do not mix with their SM partners. In this
way, effects in b → d`+`− or Kaon decays [49] are sup-
pressed and µe lepton flavour violation is absent. This
ensures that our model is consistent with the bounds from
KL → µe and K → piµe for TeV scale masses. The
suppression of the couplings of the vector leptoquark to
first generation fermions can be accounted for by a flavor
structure of the mixing mass terms mQ,L resembling the
strong hierarchy of the SM Yukawas, which can be en-
forced by an underlying flavor symmetry, as in the SU(3)
example discussed below Eq. (6). In such a case, mixing
with the first generation can be strongly suppressed by
simply not introducing a flavon with a vev in the flavor
direction i = 1.
Similarly, couplings of V µ to right-handed leptons and
quarks might arise as an effect of the mixing with the
vector-like fermions in the SU(2)R sector, i.e. the field
embedding in Eq. (10). Such couplings should be small
(but not necessarily zero) due to the observed patterns
in R(D(∗)) and b → sµ+µ− transitions. In our setup,
this can be easily achieved by a mild suppression of the
SM-like/vector-like fermion mixing in the RH sector.
5III. OBSERVABLES
A. R(D) and R(D∗)
We define the effective Hamiltonian for b → c`ν tran-
sitions as
H
`fνi
eff =
4GF√
2
VcbC
fi
L [c¯γ
µPLb]
[
¯`
fγµPLνi
]
, (13)
where in the SM CfiL = δfi and the contribution of our
vector leptoquark is given by
CL =
√
2
4GFVcb
κ∗33V2jκj3
M2
, (14)
leading to
R(D(∗))/R(D(∗))SM = |1 + CL|2 , (15)
where we neglected contributions with muon or electron
neutrinos. This has to be compared to the experimental
measurements of R(D∗)EXP = 0.304± 0.013± 0.007 and
R(D)EXP = 0.407±0.039±0.024, and the corresponding
SM predictions, R(D∗)SM = 0.252±0.003 and R(D)SM =
0.300± 0.008 [50, 51].
B. b→ s`+`− transitions
Using the effective Hamiltonian
H
`f `i
eff = −
4GF√
2
VtbV
∗
ts
∑
a=9,10
Cfia O
fi
a ,
Ofi9(10) =
α
4pi
[s¯γµPLb] [¯`fγµ(γ
5)`i] , (16)
we have
Cfi9 = −Cfi10 =
−√2
2GFVtbV ∗ts
pi
α
κ2iκ
∗
3f
M2
. (17)
The allowed range is given by [1]
− 0.36(−0.48) ≥ C229 = −C2210 ≥ (−0.73)− 0.87 , (18)
at the 2(1)σ level. In the case of lepton flavor violating B
decays, we use the results of Ref. [52] for the analysis of
B → K(∗)τµ which currently gives the best experimental
limits for µτ final states of [53]
Br [B → Kτµ]EXP ≤ 4.8× 10−5 , (19)
at 90% confidence level. For our case of C9 = −C10 we
get
Br [B → Kτµ] = 1.96× 10−8
(∣∣C239 ∣∣2 + ∣∣C329 ∣∣2) . (20)
Finally, we also get an effect in Bs → τ+τ− of
Br
(
Bs → τ+τ−
)
= Br
(
Bs → τ+τ−
)
SM
(
1 +
C3310
CSM10
)2
,
(21)
with Br(Bs → τ+τ−)SM = (7.73± 0.49) × 10−7 [54, 55]
and CSM10 ≈ −4.3 [56, 57]. The current experimental limit
is Br(Bs → τ+τ−)EXP ≤ 6.8× 10−3 [58].
C. Bs −Bs mixing
With H = C1s¯γ
µPLbs¯γµPLb we get
C1 = −κ2sκ
∗
3sκ2tκ
∗
3t
16pi2
(
D6
4M4LQ
+D2 − 2D4
M2LQ
)
, (22)
using unitary gauge. Here s, t = 1 − 6 labels the six
fermions with the quantum numbers of charged leptons.
Note that after summation over the internal leptons the
result is finite due to the GIM-like cancellation originat-
ing from our unitary rotation matrices. The standard
loop functions Dx ≡ Dx (MLQ,MLQ,ms,mt) are defined
as
16pi2
i Dx (m1,m2,m3,m4) = (23)∫
ddk
(2pi)d
(k2)
x/2
(k2−m21)(k2−m22)(k2−m23)(k2−m24)
IV. PHENOMENOLOGICAL ANALYSIS
Let us first consider R(D) and R(D∗) where the least
number of free parameters enters. In order to get a
sizable effect, the mixing of LL3 with the tau lepton
`L3 should be large. Assuming it to be maximal (i.e.
ML33 = m
L
33), we show the regions preferred by R(D
(∗))
in the left plot of Fig. 2 for MLQ = 2 TeV. From this we
can see that also the mixing between QL3 and q
L
3 (s
Q
3 ), as
well as the misalignment between the quark and lepton
Yukawa couplings of the second and third generations
(sq`23) should be sizable. Our model predicts a significant
enhancement of Bs → τ+τ− [25, 28, 59, 60] compared
to the SM prediction since this process is in our setup
mediated at tree-level with order one couplings.
Let us now turn to the explanation of b → s`+`−
data. Assuming the absence of mixing with leptons of the
first generation, we are safe from processes like µ → eγ
or b → sµe [47] and get the right effect in R(K) and
R(K∗). Assuming maximal mixing for the third gener-
ation quarks and leptons, we show the preferred region
from b → s`+`− in the right plot of Fig. 2. This region
overlaps with the one from R(D(∗)) for small mixing be-
tween the second generation fermions (sQ,L2 ) where the
predicted branching ratio for B → Kτµ is automatically
compatible with the experimental bounds. However, the
predicted rate is still sizable and well within the reach of
future measurements.
So far, we did not specify the absolute mass scale of
the vector-like fermions since it did not enter any of the
observables. However, for Bs−Bs mixing, the masses of
the vector-like leptons are crucial. In fact, since we cal-
culated Bs − Bs mixing in unitary gauge, the effects of
Goldstone bosons are automatically included and there-
fore the result scales proportional to (ML)2 (like the SM
contribution is proportional to m2t ). Thus, in order to re-
spect the Bs−Bs mixing bounds while still accounting for
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FIG. 2: Left: Allowed regions from R(D(∗)) for MLQ = 2 TeV and sL3 = 1/
√
2. Here we used the weighted average for R(D) and
R(D∗). The contour lines denote Br(Bs → τ+τ−) × 104. Right: Combined results for R(D(∗)) and b → s`+`−, and contours
for [Br(B → Kτ+µ−) + Br(B → Kτ−µ+)]/2. The red region is preferred by the global fit to b→ s`+`− data.
R(D(∗)), rather light vector-like leptons are required. We
checked that the Bs−Bs mixing bounds are respected for
masses around 500 GeV. Since these are third generation
leptons, this is compatible with the bounds from direct
LHC searches [61, 62]. Anyway, since we only included
the effect of the Goldstone bosons and not of physical
Higgses in this calculation, this should only be under-
stood as a proof that Bs − Bs mixing does not rule out
large effects in R(D(∗)). A more precise prediction would
require to specify the Higgs sector explicitly and would
be therefore subject to more model dependence.
V. INCLUDING THE EW SYMMETRY
BREAKING
Finally let us outline a possible UV completion of the
Higgs sector which can lead to the desired EW symme-
try breaking extending the previously considered particle
content to that shown in Table II. Here we introduced
two approximate global symmetries U(1)L,Q and four
Higgs fields ΣLa and ΣQa , a = 1, 2, which generate the
vector-like masses for (QL, Q
′
R), (LL, L
′
R), (QR, Q
′
L),
and (LR, L
′
L) as in Section II. Φq and Φ` will generate
the SM fermion masses and mixing. Φ will break the
SU(4) × SU(2)L × SU(2)R symmetry down to the SM
gauge symmetry and gives Majorana masses to the right-
handed neutrinos. We choose the vevs for ΣLa , ΣQa ,
SU (4) SU(2)L SU(2)R U(1)Q U(1)L
XLi 4 2 1 0 1
Y Li 4 2 1 1 0
Y Ri 4 2 1 0 0
XRi 4 1 2 0 1
ZRi 4 1 2 1 0
ZLi 4 1 2 0 0
ΣL1 4¯⊗ 4 1 1 0 -1
ΣL2 4¯⊗ 4 1 1 0 -1
ΣQ1 4¯⊗ 4 1 1 -1 0
ΣQ2 4¯⊗ 4 1 1 -1 0
Φq 1 2 2 0 -2
Φ` 1 2 2 -2 0
Φ 10 1 3 -2 0
TABLE II: Possible extension of the field content of the model
presented in Section II accounting for EW breaking.
a = 1, 2, Φq, and Φ` as follows
ΣLa = diag (0, 0, 0, vLa) ,
ΣQa = diag (vQa , vQa , vQa , 0) ,
Φq = diag (vd, vu) ,
Φ` = diag (v`, vν) . (24)
The Lagrangian for vector-like particle masses and SM
fermion masses are
−L = yLaij X¯Li Y Rj ΣLa + yQaij Y¯ Li Y Rj ΣQa
+y
L′a
ij X¯
R
i Z
L
j ΣLa + y
Q′a
ij Z¯
R
i Z
L
j ΣQa
+yqijX¯
L
i X
R
j Φq + y
`
ij Y¯
L
i Z
R
j Φ`
+yNij Z¯
R
i Z
R
j Φ + h.c. (25)
7Thus, without further contributions, the up-type quark
mass matrix would be proportional to the down-type
quark mass matrix. To generate the couplings between
the SM left-handed fermions and massive gauge bosons
and solve the quark mass problem, we introduce the fol-
lowing terms which violate the U(1)Q×U(1)L global sym-
metries
−L = hQijX¯Li Y Rj ΣQ + hLij Y¯ Li Y Rj ΣL
+hqijX¯
L
i X
R
j Φ` + h
`
ij Y¯
L
i Z
R
j Φq + h.c. , (26)
where we expect the above Yukawa couplings to be
relatively small compared to these in Eq. (25) due to
U(1)Q × U(1)L global symmetry breaking. Notice that
the first line gives rise to mass terms of the form given in
Eq. (1). We defer to future publication a complete anal-
ysis of this and other possible completions of our setup,
including the flavor effects induced by the extra Higgses.
VI. CONCLUSIONS AND OUTLOOK
In this article we presented a renormalizable phe-
nomenologically valid TeV scale model of a vector lep-
toquarks with flavor dependent couplings. The model is
an extension of the PS model obtained by adding three
generations of vector-like fermions which are in funda-
mental representations of SU(4). Our model can suc-
cessfully address the observed deviations from the SM
predictions in semi-leptonic B decays (R(D(∗)) as well
as in b → s`+`− transitions) and easily account for the
anomaly in the anomalous magnetic moment of the muon
too, as we comment below. An explanation of R(D(∗))
predicts a significant enhancement of Bs → τ+τ− and
once also b→ s`+`− is included, sizable rates for b→ τµ
processes must occur. Also bounds from Bs−Bs mixing
are respected for not too heavy vector-like leptons.
The longstanding anomaly in the anomalous magnetic
moment of the muon (at the 3σ level) might also be
related to the B-physics anomalies [17, 19, 25, 35, 63–
68]. Our model can in principle explain this discrepancy,
as long as one introduces couplings of heavy down-type
quarks to the SM Higgs doublet. Following Eq. (10), we
call the vector like fermions with the same quantum num-
bers as right-handed down-quarks DRi and D
′L
i . Then
the coupling to the Higgs is given by λiiD¯
′L
i φD
R
i where
our coupling of interest is λ22. For vector-like quarks and
leptoquark of equal mass M , the resulting contribution
is δaµ ≈ mµ4pi2 2vλ22M2 . Since λ22 does not enter in other ob-
servables discussed to far, it can simply be adjusted to
account for the anomaly. Note that this is possible for
natural values (smaller than 0.1).
Note added — During the completion of the article a
model of vector leptoquarks also based on the PS group
was presented in Ref. [69] (for an earlier attempt see also
Ref. [70]) . While in our model all fermions transform in
the fundamental of SU(4), in Ref. [69] the gauge group
contains another SU(3) factor and the SM-like fermions
are singlets of SU(4). Also note that in our model only
the leptoquark has flavor non-universal couplings while
in the model of Ref. [69] also the heavy Z ′ and the heavy
gluons in general acquire flavor violating couplings.
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